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Abstract
The in vivo radioactivity decay of glutathione S-transferase (GST) was observed in livers of normal-fed (N), protein-
depleted (D), and re-fed mice (R), labelled with [35S]methionine. Half-lives in days at N, D and R, respectively, were: total
GST, 1.7, 1.4, 4.3; Yb1-subunit, 2.0, 1.8, 3.3; Yc-subunit, 2.4, 1.0, 4.2; Yf-subunit, 1.1, 2.1, 5.0. These findings, together with
the fact that the proportions of GST-subunits depend on dietary protein, show that breakdown contributes differentially to
control the content of each GST subunit. Data also indicate that GSTs are long-life proteins. ß 1998 Elsevier Science B.V.
All rights reserved.
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1. Introduction
The total protein content of mouse liver decreases
during dietary protein depletion and is rapidly re-
stored after re-feeding as a result, mainly, of a slow-
down in protein breakdown [1,2]. This behaviour is
displayed by proteins of cytosolic, nuclear, microso-
mal and mitochondrial^lysosomal fractions [3,4].
Moreover, the activities of cellular proteolytic sys-
tems are enhanced during depletion and inhibited
after re-feeding with a complete diet [2,5^8]. On the
other hand, we have demonstrated that the level of
dietary protein a¡ects the proportion and synthesis
rate of several individual cytosolic proteins [9]. This
is the case with glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), which increases during protein
deprivation and decreases after re-feeding with a
complete diet [9]. Recently, we found that three liver
cytosolic polypeptides whose contents depend on di-
etary protein level are the glutathione S-transferase
(GST) subunits Yb1, Yc and Yf [10]. These changes
could result from the modulation of either break-
down or synthesis. In recent years, many e¡orts
were made to expand the knowledge of functional,
structural and regulatory aspects of GSTs (for re-
views see Refs. [11,12]). However, the regulation of
cellular GST content was mainly studied with regard
to gene expression and protein synthesis. Thus, the
rates and mechanisms of breakdown of GST sub-
units remain practically unknown. Here, we esti-
mated the breakdown rates of GST subunits in rela-
tionship to the changes elicited by dietary protein on
their contents.
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2. Materials and methods
2.1. Chemicals and diets
S-Hexylglutathione-agarose, L-methionine and glu-
tathione (GSH) were obtained from Sigma. L-
[35S]Methionine (1.2 mCi/mmol) was from NEN Re-
search Products. Protein depletion and normal diets
were prepared in our laboratory as previously de-
scribed [9,10]. Normal diet composition was: casein
23%, sucrose 63%, corn oil 9%, salt and vitamin
mixture 5%. Protein depletion diet composition
was: sucrose 86%, corn oil 9%, salt and vitamin mix-
ture 5%.
2.2. Animals and treatments
Female BALB/C mice (body weight 24^27 g) were
from INTA, Balcarce, Argentina. After arrival, all
mice had free access to normal diet and water for a
week. Thereafter, a group was fed with protein de-
pletion diet ad libitum. This condition is de¢ned as
depletion. After 5 days, half was returned to a nor-
mal diet. This condition is de¢ned as re-feeding. The
remaining half continued under depletion. Fourteen
hours before day 5, each mouse received 40 WCi of
L-[35S]methionine by intraperitoneal injection. At day
5, they received 50 Wmol of non-radioactive
L-methionine, and some of them were processed to
determine the mass and radioactivity (zero time val-
ue) of liver GSTs. These parameters were then esti-
mated at di¡erent times. Control mice who remained
under normal diet throughout were similarly tested.
Injected solutions: L-[35S]methionine was diluted to
1 mCi/ml in 0.15 M NaCl, and L-methionine was
0.5 mM in 0.15 M NaCl.
2.3. Isolation of glutathione S-transferases
The total GSTs fraction and GST subunits were
obtained as previously described [10]. Brie£y, four
livers per dietary condition were obtained and the
soluble protein fraction was loaded onto an S-hexyl-
glutathione-agarose column (2U7 cm). Total GSTs
fraction was eluted with a solution of 10 mM GSH
in 20 mM Tris^HCl (pH 9.6), containing 0.15 NaCl,
1 mM EDTA and 5 mM L-mercaptoethanol. To ob-
tain GST subunits, 50^25-Wg samples of total GSTs
were loaded onto a BioRad C18 HPLC column
(25.0U0.46 cm) and developed with a 30^55% (v/v)
acetonitrile gradient in aqueous 0.1% TFA [10,13].
2.4. Protein and radioactivity analysis
Protein content of GST samples was measured ac-
cording to Bradford [14] with bovine serum albumin
as standard. For radioactivity counting, protein sam-
ples were mixed with 1 mg of BSA and precipitated
by addition of enough 50% (w/w) trichloroacetic acid
to obtain a 12% (w/v) concentration. To allow pro-
tein precipitation, the HPLC fractions were diluted
to reach an acetonitrile concentration of 15% (v/v).
Thereafter, samples were processed and counted as
previously described [15]. All samples were analysed
in triplicate.
Fig. 1. Reverse-phase HPLC analysis of a⁄nity isolated radio-
active liver GST subunits. Means of two di¡erent labelling ex-
periments are shown. The run was isocratical for 5 min at a
£ow rate increasing from 0.5 to 1.5 ml/min. Then, the gradient
(30^55% (v/v) acetonitrile in aqueous 0.1% TFA) was developed
for 40 min at constant £ow rate. The A214 of eluates was re-
corded. Aliquots of 0.75 ml were collected and radioactivity de-
termined as indicated in Section 2. The ¢gure corresponds to
mice subjected to protein depletion for 5 days.
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3. Results and discussion
3.1. Estimation of GST subunit half-lives in normal,
protein depleted and re-fed mice
To separate and quantify the mouse liver GSTs,
we have previously used a⁄nity chromatography fol-
lowed by reverse-phase HPLC [10]. In addition, to
estimate degradation rates from the decay of radio-
activity from liver proteins, we have previously de-
scribed an L-[35S]methionine labelling procedure,
which displays similar e⁄cacy as NaH14CO3 in min-
imising the re-use of label [4]. To examine the e¡ect
of dietary protein on GSTs breakdown, we relied in
these two methods. Fig. 1 shows the coincidence
found between protein and radioactivity when total
GST was fractionated by HPLC. As previously de-
scribed [10], Yb1, Yc and Yf subunits eluted in peaks
2, 4 and 5, respectively, while the small peak 3 was a
mixture of these three proteins as results of mass-
¢ngerprint analysis [10]. At any condition tested,
most (91.0 þ 3.1%) of the radioactivity loaded onto
the column was recovered in these four peaks. As
presented in Fig. 2, the rates of breakdown of total
Fig. 2. In vivo disappearance of radioactivity from GSTs. At the times indicated, the label in GSTs per liver was determined and ex-
pressed as percentage of initial value. Results are means þ S.D. of two di¡erent experiments in which samples were processed in tripli-
cate. Dashed lines correspond to normal (N) condition; a, depletion (D); b, re-feeding (R). Assessing ¢rst-order kinetics, the follow-
ing half-lives expressed in days were found: total GST, 1.7 (N), 1.4 (D), 4.3 (R); mu-class Yb1 subunit, 2.0 (N), 1.8 (D), 3.3 (R);
alpha-class Yc subunit, 2.4 (N), 1.0 (D), 4.2 (R); pi-class Yf subunit, 1.1 (N), 2.1 (D), 5.0 (R).
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GST and Yb1 increased little or not at all with de-
pletion and decreased with re-feeding. In contrast,
the breakdown of Yc greatly increased with depletion
and decreased with re-feeding, but that of Yf de-
creased with depletion and was much slower after
re-feeding. The highest degradation rate was dis-
played by Yc in depletion.
The di¡erent half-lives depicted by GST subunits
strongly suggest that their breakdown mechanisms
are separately controlled. In addition, these half-lives
resulted in the range shown by total cytosolic protein
[1,3]. In animal cells, protein degradation is mainly
carried out by the ubiquitin-26S proteasome system
[16], calpains [17] and lysosomes [18,19]. On the oth-
er hand, several structural features that target pro-
teins for degradation have been described [20^25].
The mouse GSTs have Pro (Yb1 and Yf) and Ala
(Yc) at the amino terminus [26^29], but do not dis-
play either KFERQ or PEST regions [20,23]. Thus,
as Pro and Ala have been regarded as stabilising
amino acids [24], GSTs might be assessed as long-
life proteins. This agrees with the magnitude of the
half-lives described here and suggests that they are
substrates for the ubiquitin-26S proteasome. If this is
the case, one explanation for their di¡erent half-lives
could be that the protein-ligase for Ala-protein (Yc)
di¡ers from that recognising Pro (Yb1 and Yf)
[30,31]. Nevertheless, at least in part, GSTs could
be substrates for either lysosomes or calpains. This
is supported by the fact that re-feeding caused a
slowdown in the activities of these proteolytic sys-
tems [2,5,7,8] and, as found here, decreased GST
breakdown.
3.2. Assessment of GST subunit synthesis rates in
normal, protein depleted and re-fed mice
As previously described [10], while total GST con-
tent remains almost unchanged, diets cause signi¢-
cant changes in the proportions of GST subunits
(Table 1). Upon depletion, Yb1 and Yf increased,
and Yc decreased. After 2 days of re-feeding, Yb1
and Yc practically recovered their normal level, but
Yf remained rather high. From these data and those
of breakdown translated to protein mass, Table 1
also shows that a slowdown in degradation mainly
contributes to restore Yc level. Data in Table 1 also
allow derivation of rough values for synthesis [1].
Table 1
E¡ect of dietary level of protein on GST synthesis: estimation from breakdown and enzyme content








GSTT Normal 3.68 1.52 0.00 1.52
Depletion (5 days) 3.71 1.83 0.01 1.84
Re-feeding (1 day) 4.02 0.66 0.31 0.97
Re-feeding (2 days) 4.09 0.72 0.07 0.79
Yb1 Normal 1.56 0.53 0.00 0.53
Depletion (5 days) 1.91 0.74 0.07 0.81
Re-feeding (1 day) 2.21 0.47 0.30 0.77
Re-feeding (2 days) 1.77 0.43 30.44 0.00
Yc Normal 1.59 0.47 0.00 0.47
Depletion (5 days) 1.09 0.69 30.10 0.59
Re-feeding (1 day) 1.03 0.17 30.06 0.11
Re-feeding (2 days) 1.60 0.24 0.57 0.81
Yf Normal 0.24 0.16 0.00 0.16
Depletion (5 days) 0.41 0.14 0.03 0.17
Re-feeding (1 day) 0.45 0.06 0.04 0.10
Re-feeding (2 days) 0.39 0.05 30.06 0.00
Breakdown was calculated from enzyme contents and the fractional breakdown rates of Fig. 2. Protein gain was assessed from the
changes in enzyme mass over a 1-day period. Synthesis = Breakdown + Protein gain. Means of three independent experiments are
shown. GSTT corresponds to S-hexylglutathione eluate that contains the GST mixture.
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The synthesis of Yb1 seems to increase with deple-
tion and decrease with re-feeding. This is consistent
with previous results [9,10]. The synthesis of Yc is
increased during the second day of re-feeding and
contributes to restore Yc mass together with the deg-
radation slowdown mentioned above. The synthesis
of Yf appears unchanged with depletion and de-
creases with re-feeding.
The results presented here show that protein
breakdown plays an important role in the regulation
of GST subunit contents. These enzymes are in-
volved in detoxi¢cation processes, and the pi-class
family is assessed as a precancerous marker [11,12].
The study of their degradative routes will thus be of
considerable interest in the next years.
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